Prokaryotes encode adaptive immune systems, called CRISPR-Cas (clustered regularly interspaced short palindromic repeats-CRISPR associated), to provide resistance against mobile invaders, such as viruses and plasmids. Host immunity is based on incorporation of invader DNA sequences in a memory locus (CRISPR), the formation of guide RNAs from this locus, and the degradation of cognate invader DNA (protospacer). Invaders can escape type I-E CRISPRCas immunity in Escherichia coli K12 by making point mutations in the seed region of the protospacer or its adjacent motif (PAM), but hosts quickly restore immunity by integrating new spacers in a positive-feedback process termed "priming." Here, by using a randomized protospacer and PAM library and high-throughput plasmid loss assays, we provide a systematic analysis of the constraints of both direct interference and subsequent priming in E. coli. We have defined a high-resolution genetic map of direct interference by Cascade and Cas3, which includes five positions of the protospacer at 6-nt intervals that readily tolerate mutations. Importantly, we show that priming is an extremely robust process capable of using degenerate target regions, with up to 13 mutations throughout the PAM and protospacer region. Priming is influenced by the number of mismatches, their position, and is nucleotide dependent. Our findings imply that even outdated spacers containing many mismatches can induce a rapid primed CRISPR response against diversified or related invaders, giving microbes an advantage in the coevolutionary arms race with their invaders.
B
acteria and Archaea are regularly exposed to bacteriophages and other mobile genetic elements, such as plasmids. To control the competing effects of horizontal gene transfer, a spectrum of resistance strategies have evolved in prokaryotes (1) . One of the most widespread and well-characterized are the CRISPR-Cas (clustered regularly interspaced short palindromic repeats-CRISPR-associated) systems, which provide bacterial "adaptive immunity" (1) (2) (3) (4) (5) (6) (7) (8) . Simply, CRISPR-Cas functions in three major steps. First, in a process termed "adaptation," short sequences are derived from the invading element and incorporated into a CRISPR array (9) . CRISPR arrays are composed of short repeats that are separated by the foreign-derived sequences, termed "spacers." Second, CRISPRs are transcribed into a pre-CRISPR RNA (pre-crRNA), which is then processed into short crRNAs, which encompass portions of the repeats and most-or all-of the spacer. Finally, as part of a Cas ribonucleoprotein complex, the crRNAs guide a sequence-specific targeting of complementary nucleic acids (for recent reviews, see refs. 1-7).
CRISPR-Cas systems are divided into three major types (I-III) and further categorized into subtypes (e.g., I-A to I-F) (10) . The mechanisms of both crRNA generation and interference differ between the types and there are even significant differences between closely related subtypes. However, Cas1 and Cas2 are the only two Cas proteins completely conserved across all CRISPR-Cas systems and they are crucial for adaptation in Escherichia coli (10) (11) (12) . The acquisition of new spacers is the most poorly understood stage in CRISPR-Cas immunity, mainly hindered by the paucity of robust laboratory assays to monitor this process (reviewed in ref. 9 ). Streptococcus thermophilus is highly proficient at spacer acquisition and provided much of the early insight into adaptation, showing that new spacers are typically acquired at one end of the CRISPR array from either phages (13) (14) (15) or plasmids (16) . Recently, spacer acquisition has been detected in a variety of other systems (11, 12, (17) (18) (19) (20) . Adjacent to the expanding end of the array is the leader region, which harbors the promoter for pre-crRNA expression and sequences important for spacer acquisition (12, 21) . Recent studies in E. coli in the type I-E system have shown that spacer acquisition can occur from phages and plasmids either when the Cas1 and Cas2 proteins are overexpressed or if the native cas genes are up-regulated, because of deletion of hns (11, 12, (20) (21) (22) . The DNA targets (termed "protospacers") of newly acquired spacers are consistently flanked by protospacer-adjacent motifs (PAMs), with the E. coli type I-E consensus 5′-protospacer-CTT-3′. PAMs were originally identified computationally (23) and were shown to play a role in interference in an early study (14) . The importance of PAMs in the recognition and selection of precursor-spacers (prespacers) during adaptation was demonstrated unequivocally using assays that were independent Significance Bacteria are constantly exposed to foreign elements, such as bacteriophages and plasmids. The CRISPR-Cas (clustered regularly interspaced short palindromic repeats-CRISPR associated) adaptive immune systems provide heritable sequence-specific protection against these invaders. To develop immunity, bacteria add segments of foreign nucleic acid to their CRISPR memory. However, phage and plasmid mutants can evade CRISPR-Cas recognition by altering their targeted sequence. CRISPR-Cas responds to evasion by quickly generating immunity by acquiring new pieces of invader genome. We determined that this rapid generation of resistance is promiscuous, with recognition of highly diverged or related elements eliciting new immunity. Our results demonstrate that CRISPR-Cas systems are more robust than previously thought and, not only have a highly specific resistance memory, but also have a broad ability to identify divergent genetic elements.
of interference (12, 21) . The simple overexpression of Cas1 and Cas2, in the absence of other cas genes, demonstrated these are the only Cas proteins essential for adaptation and are likely to recognize PAMs (12) .
Adaptation consists of two related stages, termed "naïve" and "primed" (9) . Naïve adaptation occurs when a bacterium harboring a CRISPR-Cas system is infected by a new foreign element that it has not previously encountered. Although the acquisition of a new spacer can result in effective protection from the element, point mutations within the protospacer or PAM allow the element to escape CRISPR-Cas targeting (14, 24, 25) . This aspect had been viewed as a weakness of CRISPR-Cas interference, but recent studies show that a positive feedback loop-called priming-occurs, which enables one or more new spacers to be acquired (11, 20, 22) . Specifically, single mutations within either the PAM or the seed region of the protospacer, although inactive for interference, promote the rapid acquisition of new spacers from the same target (11) . Priming is proposed to allow an effective response against viral or plasmid escapees through the incorporation of new spacers. Unlike naïve adaptation, priming is more complex, and in type I-E systems requires Cas1, Cas2, crRNA, the targeting complex termed Cascade [CRISPR-associated complex for antiviral defence, composed of Cse1, Cse2, Cas7, Cas5, and Cas6e (26) (27) (28) ] and the Cas3 nuclease/helicase (11) . Interestingly, the vast majority of spacers acquired through priming are derived from the same DNA strand as the original priming spacer (11, 20, 22) . In addition, priming in E. coli was abolished by two mutations in the protospacer and PAM regions (11) .
In this study, we generated a mutagenic variant library of a protospacer and PAM region and used both individual highthroughput plasmid-loss assays and next-generation sequencing to determine the limits of both direct interference and indirect interference through priming. Our results demonstrate that direct interference tolerates mutations mostly at very specific positions in the protospacer, whereas priming tolerates extensive mutation of the PAM and protospacer regions. The results have wide evolutionary consequences for primed acquisition and could explain the retention of multiple "older" spacers in CRISPR arrays.
Results
Plasmid-Insensitive Mutants Lose Unrelated Plasmids via Priming.
Previously, E. coli strain Δhns was shown to acquire spacers from plasmid pRSF-1b when cultured over ∼1-2 wk in the absence of antibiotic selection for plasmid maintenance (20) . Naïve spacer acquisition and plasmid loss were not robustly reproducible and the requirement for prolonged cultivation was unclear. Therefore, we tested the ability of the Δhns strains that had acquired new pRSF-1b-derived spacers to lose an alternative plasmid. Eight plasmid-insensitive mutants (PIMs) previously isolated after acquiring spacers against pRSF-1b (20) were transformed with pGFPuv, an unrelated plasmid with a different antibiotic-resistance marker and origin of replication. Plasmid retention was consistent with previous observations that Δhns did not lose plasmids over 2 d (20) . However, PIM2 and PIM25 displayed different levels of plasmid loss (Fig. 1A) . PIM2 had 20% plasmid loss, whereas PIM25 had almost 100% plasmid loss by 2 d.
We were interested as to why E. coli PIM25 displayed heightened plasmid loss. PIM25 previously acquired five new spacers from pRSF-1b, three in CRISPR2.1 and two in CRISPR2.3 (20) . Potential targets for these five spacers were assessed against pGFPuv and surprisingly, spacer 26 (spacer 2 from the CRISPR2.3 leader) matched 31 of 32 bases in pGFPuv and a consensus PAM was present (5′-protospacer-CTT-3′). The mismatch was at +1 in the seed sequence of the protospacer (Fig. 1D) , a mutation previously shown to enable priming (11) . Most plasmid loss in PIM25 (∼60%) was associated with spacer acquisition in CRISPR2.1 and CRISPR2.3, and the remaining plasmid-free clones had not acquired spacers (Fig. 1B) . For 40 PIMs, 54 newly acquired spacers were sequenced and the protospacer locations in pGFPuv, their orientation relative to the original spacer (S26), and the presence of PAM sequences were determined (Table S1 ). The vast majority of spacers (52 of 54, 96%) mapped to the same DNA strand as the S26 spacer, indicative of priming ( Fig. 1 C and E) (11, 20) . Therefore, strains that have acquired spacers targeting a plasmid may have increased loss of an unrelated plasmid. These data were consistent with a priming model, where the single mismatch between S26 (derived from pRSF-1b) and the protospacer in pGFPuv promoted the accelerated acquisition of spacers in a strand-specific manner (11, 20) .
At Least Seven Mismatches Are Tolerated for Priming. Datsenko et al. demonstrated that a single mutation in the PAM (−1 position) or in the seed (+1 position) resulted in primed spacer incorporation, but a double mutation (−1 PAM and +1 seed) abolished priming in the E. coli type I-E system (11) . To examine if the results observed using PIM25 were because of priming, we tested the ability of PIM25 to lose pACYC184 (29) . S26 from PIM25 matches pACYC184 but has three mismatches (−1 PAM, +1, +5 in seed) (Fig. 1F) , whereas S29 has six mismatches. Because the S26 spacer:protospacer match contained the exact two mutations previously observed to abolish priming (11), we expected no priming. Surprisingly, ∼55% of the PIM25 strains had lost pACYC184, 80% of which showed CRISPR expansion (Fig. 1B) . In contrast, ∼25% of Δhns clones had lost pACYC184, yet none had acquired new spacers (Fig. 1B) . Of 44 new PIM25-derived strains, the new spacers were strand-specific (43 of 47, 91%) indicative of priming (Fig. 1 C and G and Table S2 ). We cannot conclude which original PIM25 spacer caused priming because they both are predicted to pair with the same DNA strand. However, it is clear that a minimum of three spacer:protospacer mutations within the PAM and seed regions enable primed spacer acquisition.
The question arose as to why PIM2 showed increased loss of pGFPuv (Fig. 1A) . Compared with Δhns, PIM2 contains two spacers derived from pRSF-1b, one in each CRISPR (20) . The closest spacer:protospacer match to pGFPuv is S22 (the first spacer in CRISPR2.1), which has seven mutated positions (−2 PAM, +2 seed, and five positions outside of seed) (Fig. 1H) . PIM2 had increased CRISPR-dependent pGFPuv loss compared with Δhns (Fig. 1B) . Spacers acquired by 37 PIM2 derivatives showed strand-specific features of priming (46 of 62, 74%) ( I and Table S3 ), albeit less pronounced than for PIM25. Because PIM2 differs from Δhns by two spacers, it was possible that either spacer was promoting the priming phenotype. To test if S22 was responsible for priming, CRISPR2.1 was replaced by an array with three spacers bearing no homology to pGFPuv. This strain, which lacked S22 but still contained S11 in CRISPR2.3, showed no acquisition during multiple plasmid-loss assays, demonstrating that S22 in CRISPR2.1 was required for priming. Therefore, spacers with up to seven mismatches to a protospacer and PAM region enable priming.
Individual High-Throughput Assay Reveals That Up to 11 Mutations Support Priming. The observation that up to seven mismatches between a crRNA and protospacer-PAM target region promoted priming, led us to develop a randomized screen to test the limits of priming (Fig. 2) . A strain that contained an additional spacer in CRISPR2.1 compared with Δhns was selected (i.e., PIM5) and a library of variant PAM-protospacers (PS8, protospacer 8) with 85% WT nucleotide and 5% alternative nucleotide at each position was generated in pGFPuv (pGFPuv-Km-mPS8). This process yielded on average five mutations per PAM-protospacer (Fig. 2) . Control plasmids were generated that contained either no protospacer (pGFPuv-Km; negative control) or PS8 with a +1 seed mutation (pGFPuv-Km-PS8; priming positive control). Approximately 210,000 transformants of E. coli DH5α were grown and a plasmid library prepared. Transformation bias was avoided by using E. coli DH5α, which lacks any spacers targeting the PAM-protospacer plasmid. The library and control plasmids were introduced into E. coli PIM5 and those directly targeted were expected to be eliminated. After 48 h of culturing in nonselective media, the positive priming control showed 82% (±25%) average plasmid loss and the negative control showed 0.3% (±1.2%) loss.
A total of 366 individual PAM-protospacer variants were sequenced and each tested for stability upon growth for 48 h without antibiotic selection ( Fig. 2 and Dataset S1). Up to 12 mutations were detected and plasmid loss ranged from 0 to 100% (Fig. 3A) . On average, the percentage loss decreased with increasing mutations (Fig. 3A) . Analysis of 20 PIMs from the positive control demonstrated priming (20 of 24, 83% of spacers analyzed). Colonies (n = 4-16) from 43 variants exhibiting >10% plasmid loss were checked by PCR for spacer acquisition, which revealed that 88% (38 of 43) of the variants had acquired new spacers. Twenty-eight variants with a range of 1-11 mutations were selected (Fig. 3B ) and the new spacers sequenced (Table S4 and Dataset S2). The resulting spacers were mapped to pGFPuvKm-PS8 and demonstrated the expected strand bias of priming (175 of 193, 91%) ( Fig. 3C and Table S4 ). Remarkably, one of these protospacers deviated from the original PAM and protospacer region by 11 mutations, yet still provoked priming. In the various mutants the locations of these mismatches were throughout the protospacer and PAM region, including the seed sequence (Fig. 3B ). In conclusion, extensive protospacer mutations, even in the PAM and seed, enable the acquisition of new spacers through priming.
High-Throughput Overview of the Entire Dataset. The individual high-throughput assay demonstrated that up to 11 mutations promoted priming (Fig. 3B ). This screen also enabled us to follow the loss, spacer acquisition, target strand, and location for individual mutants (n = 366). However, this only represented a small proportion of the mutant library generated. Therefore, we transformed the entire library into E. coli PIM5 and performed high-throughput pooled plasmid-loss experiments and followed plasmid abundance by deep sequencing (Fig. 2) . Plasmids were prepared from: (i) the initial nontargeting E. coli DH5α strain (total library, denoted T0), (ii) E. coli PIM5 immediately following growth of transformants (i.e., variants sur- viving direct interference, denoted T1), (iii) E. coli PIM5 after 24 h of nonselective growth (T2), and (iv) E. coli PIM5 after 48 h of nonselective growth (T3). Following plasmid preparation, the variant protospacers were amplified by barcoded PCR and the different samples (T0-T3) were pooled and sequenced. In the total library, the distribution of mutations was close to the theoretical prediction with an average of five mutations (Fig. 2) .
The protospacer-PAM plasmids were analyzed based on changes in abundance over the total time course of the experiment, using plots depicting the ratio of reads at T3/T1 versus T1/T0 (Fig. 4A ). This process allowed us to classify the behavior of the sequences into three functional categories, termed "direct interference," "priming," and "stable." The "direct interference" group was defined as protospacers that decreased in abundance between the initial library and following transformation into PIM5 (T0 to T1); the "priming" group was defined as protospacers that did not decrease in abundance after transformation into PIM5, and only decreased in abundance following 48 h of culturing (T1 to T3); and the "stable" group showed no decrease in abundance after transformation and prolonged culturing (T0 to T1, and T1 to T3). A number of other protospacers were not classified ("unclassified") because of the stringent criteria we applied to define the groups (Fig. 4 legend and Dataset S3). When the average number of mutations was plotted for each local region of the graph, a clear link became apparent between the functional categories and the number of mutations (Fig. 4B) . As expected, the number of mutations increased going from direct interference to priming to stable. Although this was the general trend, some clusters of priming variants with high numbers of mutations were also evident. Plotting the percentage of each of the different groups at increasing numbers of mutations revealed that direct interference drops rapidly with more mutations (Fig. 4C) . Priming is the most dominant behavior at five mutations and still occurs at 13 mutations (Fig. 4C) . The stable group steadily increases in abundance (Fig. 4C) . Each category is addressed in detail in the following sections.
Direct Interference. Previously in E. coli, cases were shown of protospacers carrying four or five mutations within the protospacer that would still lead to interference (24) . In the same study, Semenova and colleagues (24, 30) demonstrated, using single-point mutations, that perfect pairing in the seed (positions 1-5 and 7-8) was essential for interference. The importance of the PAM sequence in interference has also been demonstrated for type I-E (24, 30, 31) . However, a detailed understanding of the "rules of interference" are not available for any type I system. Our high-throughput approach allowed us to directly assess which protospacer and PAM mutations abolish interference. First, we noted that the distribution of the number of mutations in the direct interference group (n = 8,792 variants) was maximal at three mutations per protospacer (Fig. 5A ). This finding means that of the initial library, plasmids with fewer mutations were likely to be targets of direct interference. Second, by plotting the percentage of mutations at each PAM or protospacer position, we observe which positions tolerate mutation (high abundance after introduction into PIM5) and those that do not (low abundance after introduction into PIM5) (Fig. 5B ). As expected, mutations within the PAM (−3 to −1) and within the seed (positions 1-5 and 7-8) do not readily tolerate mutation and therefore inhibit direct interference. In addition, our analysis reveals that seed positions 5 and 8 tolerate mutations better than positions 1-4, and 7.
To interrogate the data in an alternative manner, we plotted the percentage of different nucleotide variants with two mutations at different positions in the entire PAM and protospacer region (Fig. 5C ). This finding clearly highlights the significance of the PAM and seed, and shows seed discontinuity at position 6. The greater importance of seed positions 1, 2, and 7 becomes evident as well because they rarely occur concurrently in the direct interference group together with mutations elsewhere in the protospacer. Particular double-mutant variants are synergistic and escape direct interference (i.e., they have decreased black circles in Fig. 5C ). This synergy for evasion of direct interference is observed between position 28 and 19-23, 25-27, 31, and 32 ( A test system of E. coli PIM5 containing PS8 was selected that would target a pGFPuv-Km plasmid containing a consensus PAM and PS8. A degenerate PAM-PS8 library of variants was generated in pGFPuv-Km, with an average distribution of five mutations per insert (histogram). For the individual experiment, the plasmid library was transformed into PIM5, individual colonies were sequenced, plasmid-loss experiments without selection performed, and a subset of variants checked for spacer acquisition by PCR and sequencing. In the pooled experiment, plasmid DNA was prepared for the original library (T0), which was then transformed into PIM5 (T1) and then passaged for plasmid loss without selection for 24 h (T2) and 48 h (T3). For T0-T3, samples were amplified with barcoded primers, pooled, and sequenced.
the cryo-transmission electron microscopy structure of Cascade (28) , where the crRNA:target DNA heteroduplex is not base paired (Fig. 5D ). These interruptions are key in avoiding topological complications associated with base-pairing Cascadebound crRNA to a double-stranded target DNA, and create five segments of 5 nt and a final 2-nt region in which the crRNA can base pair to the target DNA (Fig. 5D) .
To determine the influence of the PAM on direct interference, we focused on sequences which only contained mutations in the PAM. Of the 64 possible PAMs (with no mutations in the protospacer), 40 were present in our dataset. Of these PAMs, only five allowed direct interference, indicating that the PAM requirement for this particular behavior is rather strict (Fig. 5D) . In summary, analysis of the transformation efficiency of a large protospacer and PAM library has reinforced the importance of the PAM and seed regions in direct interference and revealed with high-accuracy the five pinch-point mutations permitted with a periodicity of 6 nt.
Priming. In the priming group (n = 26,842 variants), the distribution of the number of mutations peaks at five mutations per PAM-protospacer region (Fig. 6A) , which is more than for the direct interference group, and is consistent with the individual priming data (Fig. 3) . Based on the published data (11), we predicted that protospacers that enable priming might have a preference for mutations within the PAM or seed that allow escape from direct interference. Indeed, analysis of the position of mutations of priming protospacers revealed a subtle increase in mutations within the PAM and seed that promoted priming (Fig. 6B ). This increase was very pronounced when protospacers with three mutations were examined (Fig. 6C ). The analysis revealed that mutants with two mutations in the PAM-seed region (positions −2 to +5, 7, and 8) displayed significant priming behavior regardless of the position of a third mutation (Fig. 6C ). Additionally, a mutation at position 9, which is adjacent to the seed, is associated with enhanced priming (Fig. 6C) . Strikingly, almost 35% of all mutations at position 28 ends up in the priming category (Fig. 6B ). Even in combination with two other mutations, a mutation at position 28 significantly leads to priming (Fig.  6C ). Further inspection of the plot showed that position 16 also contributes significantly to priming in a number of triple mutants. Apart from a number of positions that stimulate priming, a decreased abundance of mutations in positions 11, 12, 22, 24, and 30 were associated with priming ( Fig. 6 B and C; also, see below).
With regard to the influence of PAM mutations, the number of PAMs that allow priming is much greater compared with direct interference (Fig. 6D ). We observed that 22 of the 40 PAM mutants in the dataset resulted in priming, suggesting that the majority of PAMs promote either direct interference of an invader (5 of 40), or indirect interference by priming (22 of 40). A CGT PAM, which is obtained by point mutation of the −2 position of the PAM, especially appeared to have a dominant priming effect on the behavior of many triple mutants (Fig. 6 C  and D) . Overall, priming is a robust host response that can deal with a myriad and large number of mutations in protospacer and PAM regions.
Stable. The stable group had the highest number of mutations of all of the groups, with on average six substitutions per PAMprotospacer region (Fig. 7A ). This result was expected, as this group avoids both direct interference and subsequent priming. Mutations at positions 10, 11, 12, 18, 22, 24 , and 25 are all overrepresented in the stable group (Fig. 7B ) and, surprisingly, these positions are all guanosines. This finding suggests that rG-dC (i.e., riboG-deoxyriboC) base pairing between the crRNA and the target DNA should not be disrupted for priming to occur, which is consistent with the fact that rG-dC base pairs are the strongest base pair known (32, 33) . The importance of rG is again reflected in the analysis of triple mutants (Fig. 7C) where Table S4 and Datasets S1 and S2.
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mutations of guanosines at positions 11, 24, and 25 mutations are frequently found in stable triple mutants. A mutation from T to C is strongly overrepresented in the stable group at positions 29, 30, and 31, and to some degree also positions 15 and 32 (Fig.  7B) . These mutations all result in rU-dG wobble base pairs between the crRNA and target DNA (34) , which appear to disrupt the priming process and result in stable plasmids. Mutations in the PAM alone are not sufficient to promote stable behavior. However, in triple mutants, some PAMs significantly lead to stable variants (i.e., CCC, ATC, ACT, and AAT), whereas ATT PAMs yield a dominant stable behavior in combination with mutations at eight different positions of the protospacer (i.e., positions 10, 11, 14, 24, 25, and 29-31) (Fig. 7 C and D; also, see below).
Nucleotide-Dependent Effects. To investigate nucleotide-specific effects in more detail, we analyzed the behavior of variants containing increasing numbers of specific mismatches in the We next repeated the analysis from a target point of view by looking at mismatched DNA nucleotides (dA, dC, dG, and dT) in the targeted strand of the protospacer (Fig. 8B) . Although this analysis is very different from the one described above [i.e., analysis of mutation to a particular nucleotide (Fig. 8B ) (e.g., dA, dG, or dT, to dC) compared with mutations of specific nucleotides to any nucleotide (Fig. 8A ) (e.g., dG to dA, dC, or dT)], the results were strikingly similar. Again, the increased numbers of mismatched dC-and to some extent also dT-nucleotides promoted priming, whereas increased numbers of dG abolished priming. Mismatched dA nucleotides in the targeted strand of the protospacer appeared to have no strong effect on priming behavior. Analysis of 10 priming variants with 12 mutations in the protospacer indeed revealed that on average each these highly mutated variants carry mostly mutations promoting priming.
The opposing effects of rC and rG mismatches argue against a role for the thermostability of the protospacer DNA duplex in affecting priming, as the decrease in stability of double-stranded DNA on average is similar when introducing mutations causing an rC mismatch (dG to dA, dC, or dT) or rG mismatch (dC to dA, dG, dT). The same is true for dC mismatches (dA, dG, or dT to dC), and dG mismatches (dA, dC, or dT to dG) both of which on average increase the duplex stability. Instead, the reason for the unequal effects of particular mutations might reside in differences in stabilities or conformation between individual mismatched RNA:DNA nucleotide pairs (34) in the context of the Cascade R-loop.
All in all, the rules for priming appear to be a complex combination of the number of mutations (Figs. 6A and 7A ), positiondependent effects (such as in the PAM and seed) (Figs. 6C and 7C), and nucleotide-dependent effects (Fig. 8) . As a rule of thumb, however, mismatched rG or dG nucleotides lower the chances of priming, whereas mismatched rC and dC promote priming.
Discussion
A perceived Achilles heel of the CRISPR-Cas adaptive immune systems, which was detected in early studies (14) , is the ability of phages and plasmids to escape immunity through mutation of their PAM or protospacer (35, 36) . Recently, it was shown that despite these mutations allowing avoidance of direct interference, they led to an enhanced positive-feedback process of new spacer acquisition, termed priming (11, 20) . This finding suggests a further evolved function of the CRISPR-Cas systems in the arms race between bacteria and their invading mobile genetic Table S7 ). PAM sequences indicated with an asterisk (*) were computationally inferred from the analysis of the behavior of the sequences containing the given PAM and either one or two additional mutations (see Table S7 ). Protospacer position 28, which is highly associated with priming, is shown in red.
elements. In the present study, we have investigated the requirements of both direct interference and priming by the type I-E system of E. coli. We have revealed that direct interference readily tolerates mutations at specific positions in the protospacer (positions 6, 12, 18, 24, and 30), and can cope with two or three more mutations in the nonseed region of the protospacer. Protospacer sequences that are not directly targeted, including sequences with mutations in the PAM and seed, enhance the acquisition of new spacers even when the existing spacer has many mismatches. Therefore, priming is an incredibly flexible and promiscuous process that may provide a major, if not the main, route to adaptation in CRISPR-Cas systems. We observed that up to five mutations in the PAM and seed (of 11 mutations in total) still facilitated primed spacer acquisition, in contrast to Datsenko et al. (11) , who reported that a double mutant of the PAM and seed abolished the process. The difference between these findings may be because of the use of either phages or plasmids, or the time to allow priming to occur (0-8 h vs. 24-48 h). Our finding that high numbers of mismatches in the PAM and protospacer regions stimulate primed spacer acquisition challenges and expands the concept of adaptation in CRISPR-Cas systems. Furthermore, we show that the number, position, and kind of mutation greatly influence the priming process. For example, mismatched cytosine ribonucleotides in the crRNA promote priming, whereas mismatched guanine ribonucleotides abolish priming. It would therefore seem advantageous for a host to select and retain C-rich spacers in their CRISPR arrays to be capable of a better primed response, while discarding outdated G-rich spacers.
During the preparation of this report, priming was demonstrated in the type I-B system of Haloarcula hispanica against an archaeal virus (19). Interestingly, the preexisting spacer responsible for priming contained incomplete complementarity (19) . Analysis of a number of other reports suggests that priming might occur in other CRISPR-Cas systems. First, the most active CRISPR-Cas system for adaptation is the type II in S. thermophilus (13-16, 37, 38) . Previously, upon testing the CRISPRTarget protospacer finding tool, we identified partial matches between existing spacers and phage used in challenge experiments and proposed that this might have resulted in priming if such a process would exist in S. thermophilus (39) . In another report, gfp mRNA and plasmid DNA were reduced in E. coli with a type I-E system by a spacer that only had an ∼10-bp stretch of complementarity (40) . Although this degree of complementarity falls well outside the limits we observed, all Cas proteins, including Cas1 and Cas2, and the CRISPR locus were required for gfp loss, which might indicate that priming was involved. More recently, Sulfolobus solfataricus was shown to have remarkable flexibility for protospacer recognition. Up to 15 mismatches still enabled interference, albeit at roughly 50% efficiency (41) . Again, the interesting possibility arises that these divergent protospacers might be able to trigger priming and subsequent interference. Whether the results of these and other studies are attributable to priming will require further research. It is clear, however, that when looking for targets of crRNA, those with partial matches or lacking PAMs can no longer be discarded as nonfunctional. Tools such as CRISPRTarget enable easy detection of these degenerate crRNA targets and their flanking sequences (39) . It was proposed that priming enables a rapid response to genetic elements that have acquired a point mutation to escape CRISPRCas direct interference (11) . Our data support this concept because mutations that led to escape from direct interference promoted priming. The ability of highly variant PAM-protospacer regions to be recognized as foreign suggests that even diverse sequences can elicit immunity; this might enable CRISPR-Cas to remember invasions that occurred more distantly in evolutionary time and still mount a response. Likewise, this promiscuous immunity may provide a broad-spectrum resistance to a range of mobile genetic elements possessing that protospacer (i.e., a family of related phages or plasmids). By virtue of this loose selectivity, CRISPRCas can apparently detect unrelated elements that share only weak sequence identity. Therefore, it is conceivable that priming might be the favored route to resistance, which is in agreement with the robustness of this process relative to the apparent intractable nature of naïve acquisition (9, 19) . In theory, longer CRISPR arrays that contain a greater number of spacers would have an improved chance of expressing a crRNA that facilitates priming. Therefore, the evolutionary selection acting on spacers, in particular the older ones, might function at two levels: immediate protection and primed protection. This theory might provide a rationale for the maintenance of spacers in long CRISPRs, for which the immediate invader is no longer a threat, and fits with the low turnover of spacers in some CRISPR-Cas systems (42) (43) (44) .
Various models have been proposed to explain priming. In the E. coli type I-E system, all cas genes and crRNA are required and new spacers are integrated in a strand-specific manner (11, 20) . A sliding model was proposed in which Cascade-crRNA weakly binds protospacers with mismatches, then slides along the DNA until a PAM is reached. Spacers are then acquired from the strand of the original priming protospacer in a process requiring Cas1, Cas2, and Cas3 (11). The sliding model requires a bias of new spacers acquired from nearby the priming protospacer; however, new spacers do not reveal this distribution (22) . Because short sequence motifs other than PAMs can influence spacer acquisition efficiency (45), the interpretation of spacer distribution becomes more challenging. Indeed, we observed that four different spacers accounted for a quarter of all newly acquired spacers and contained the recently identified AA nucleotide motif (45) at the 3′ end of the spacer (Table S4 ). This finding suggests that this AA nucleotide motif influences acquisition efficiency during both primed and naïve adaptation. As an alternative model to "sliding," Cascade-crRNA was proposed to cause the exposure of extended regions of single-stranded DNA, potentially mediated by Cas3, and that Cas1 and Cas2 might have a preference for single-stranded DNA substrates (22) . This result is similar to the original priming model, where we proposed that single-stranded substrates, possibly preferred by Cas1 and Cas2, are generated because of Cascade-crRNA and Cas3-dependent targeting or weak targeting, resulting in spacer acquisition (20) . Which of these models proves to be correct remains a subject for future studies.
To date, the PAM has been well characterized in a number of type I and type II systems and the effect of mutations in the protospacer has been documented (5, 14, 23, 46, 47) . However, only few high-throughput random-mutagenesis studies of the effects of PAM and protospacer mutations have been reported. Recently, studies of the type II/Cas9 system have used highthroughput approaches to investigate PAM and protospacer requirements for direct interference. Jiang et al. generated a variant 5-nt PAM library in Streptococcus pneumoniae, which revealed that NGG PAMs support interference (48) . Investigation of the effects of protospacer mutations on direct interference revealed a seed region of nucleotides 1-12 (48), in line with previous studies (49) . In other studies, different PAM specificities of multiple different Cas9s were demonstrated (50, 51). Our approach allowed an in-depth assessment of the type I-E sequence requirements for both direct interference and priming. We revealed 5 PAMs for direct interference and 22 PAMs for priming. These direct-interference PAMs included a new CTA PAM and the remaining ones were consistent with the four previously observed PAMs for interference (30, 52) . There were no PAM mutants that resulted in the stable phenotype, indicating that mutating the PAM alone does not allow complete escape from type I-E CRISPR-Cas systems. The results demonstrated the critical role of the PAM and the seed sequence, in agreement with previous work (24, 30) , and revealed that base pairing at positions 1, 2, and 7 within the seed is of greater importance than base pairing at other seed positions. Semenova et al. showed cases where interference tolerated up to four or five mutations outside the seed or PAM and that additional single non PAM/seed mutations could lead to escape (24) . Similarly, in the type I-F system, in the presence of four mismatches, further mutations inside or outside of the seed or PAM were shown to disrupt interference (17) . The Cryo-EM structure of Cascade revealed that the pinch points of the backbone subunit Cas7 disrupted 1-2 nt of base pairing that were separated by 4-to 5-nt helical segments (28) . Here, the pinch points of Cas7 were mapped with nucleotide precision, resulting in five helical segments of 5 nt. The importance of positions 1, 2, and 7 fits with the hypothesis that crRNA:target DNA base pairing starts from the PAM end of the protospacer (24, 53) as position 1 is the first nucleotide of the first segment to be involved in base pairing with the target DNA (30), and 7 is the first nucleotide of the second segment. Remarkably, the distance of 6 nt between pinch points is identical to the interval at which type III-B CRISPR-Cas systems cleave their target (54, 55) , suggesting that the backbone subunits of type I and III complexes bind their crRNA and target nucleic acid with the same periodicity.
An apparent paradox also emerged from the data. Apart from being overrepresented in the direct-interference dataset, mutations at some pinch-point positions (i.e., positions 12, 18, 24) were also overrepresented in the stable group. This finding would suggest that although these positions are not engaged in base pairing with the target during direct interference, they do base pair with the target during priming. This finding raises the possibility that there is a conformational change in Cascade:crRNA during priming that alters the position of the crRNA, freeing these positions for base pairing and thereby allowing the detection of weak targets.
We are only beginning to understand the intricate interaction between the CRISPR-Cas systems and their invaders. This study highlights the incredible flexibility of these systems to respond to rapidly evolving or diverse mobile genetic elements and gen-erate new resistance. We propose that promiscuous priming is an extremely important feature of the CRISPR-Cas mechanism and is not restricted to the type I-E system, but is a feature of other CRISPR-Cas types.
Materials and Methods
Oligonucleotides used in this study are listed in Table S5. Table S6 contains read counts, barcodes, and scaling factors of the large-scale sequencing experiment and the PAM sequence analysis is shown in Table S7 . Methods for plasmid-loss assays, CRISPR PCR and sequencing, cloning of plasmids, construction of the PAM-protospacer library, the individual and highthroughput loss experiments, the next-generation sequencing, and subsequent data analysis are provided in SI Materials and Methods. Molecular Biology and DNA Sequencing. All oligonucleotides are listed in Table S5 . All strains and plasmids were confirmed by PCR and sequencing (GATC-Biotech). Plasmids were prepared using GeneJET Plasmid Miniprep Kits (Thermo Scientific) and DNA from PCR and agarose gels was purified using the Thermo Scientific GeneJET PCR Purification and Gel Extraction Kits.
Supporting Information
Replacement of the Plasmid-Insensitive Mutant-2 CRISPR2.1 locus.
Previously, a synthetic recombination cassette was generated that corresponded to 400-bp flanking regions on each side of the CRISPR (clustered regularly interspaced short palindromic repeats) 2.1 locus separated by a kanamycin resistance gene flanked by FRT sites (1) . This construct includes a synthetic CRISPR sequence with the leader, eight repeats and seven spacers, the first of which (J3) targets bacteriophage lambda (1). These spacers were compared with pGFPuv using CRISPRTarget (2) with the cut-off score lowered to 0 and only spacer 3 "matched" (score 7, 14 if 35 mismatches and 7-bp longest continuous match). Therefore, this CRISPR2.1 replacement cassette should not promote priming. Recombineering was performed using a protocol described elsewhere (3), with minor modifications. E. coli plasmid-insensitive mutant-2 (PIM2) was transformed with the recombineering functions on plasmid pKD46 and grown at 30°C (plasmid pKD46 is unstable at temperatures > 37°C). The CRISPR2.1 J3 replacement sequence was amplified by PCR using primers BG3113 and BG3114 with Pfu polymerase (Thermo Scientific). The PCR product was purified, digested with DpnI to remove any remaining plasmid template DNA, repurified, and transformed by electroporation into E. coli PIM2 containing pKD46. Note that electrocompetent PIM2 pKD46 were prepared with 0.2% (wt·vol ) and incubated at 30°C. Plasmid pKD46 was cured by growth at 37°C and recombination was validated by PCR and sequencing.
Plasmid-Loss Experiments. Plasmids were introduced into E. coli by either electroporation or via heat shock and were pGFPuv (Clontech; pUC origin, ∼500 per cell, Ap R , lacI, 4,008 bp). E. coli with plasmids of interest were grown for 24 h in 10 mL LB in 50-mL tubes (Greiner) at 37°C with shaking at 180 rpm. For further passaging, 100 μL of culture was subcultured into 10 mL LB in 50-mL tubes for a further 24 h at 37°C at 180 rpm. When indicated, further periods of incubation were performed using the same conditions. Dilutions were plated on LBA and pGFPuv loss detected under UV and GFP ± colonies identified. For plasmids pACYC184 and pACYCDuet-1, individual colonies were patched onto LBA with or without the appropriate antibiotics to identify colonies that had lost the plasmid.
Colony PCR and Spacer Sequencing. Plasmid-free colonies were screened for spacer integration by colony PCR using DreamTaq Green DNA polymerase (Fermentas) (5) . Briefly, acquisition of spacers in CRISPR2.1 was detected by PCR using primers BG3474, which binds in the leader and primer BG3475, which anneals in spacer 4. New spacers in CRISPR2.3 were detected using BG3414, which anneals in the leader and BG3415, which binds in spacer 3. PCR products were visualized on 2% (wt·vol −1 ) agarose gels and stained with SYBR-safe (Invitrogen). CRISPR2.1 and 2.3 were sequenced with BG3474 and BG3414, respectively, and analyzed as follows. First, the sequence was uploaded into CRISPRFinder (6) and spacers and repeats were manually extracted. Spacer lists were generated in FASTA format and then aligned with the target plasmids by using Geneious (v6.0.5) (7) and CRISPRTarget (2).
Generation of Control Plasmids for Priming Experiments. Plasmids were generated that either lacked a protospacer target (pGFPKm, negative control) or contained a single protospacer with a +1 seed mutation (pGFP-Km-PS8, positive priming control). The Km R gene was amplified by PCR from pRSF-1b with BG4225 as the forward primer and either BG4226 (no protospacer) or BG4227 [protospacer 8 (PS8) and protospacer adjacent motif (PAM) with +1 seed mutation] as reverse primers. The products were digested with EcoRI and NcoI and ligated to pGFPuv, previously cut with EcoRI and PagI (BspHI), which removed the bla gene. This strategy enabled positive selection with Km for plasmids containing the inserts into the 1.8-kb EcoRI/PagI backbone of pGFPuv.
Generation of a Library of Protospacer and PAM Variants. To generate a pool of plasmids with variant protospacer and PAM sequences, the Km R gene was amplified by PCR from pRSF-1b with BG4225 as the forward primer and BG4228 (PS8 and PAM with 85% WT nucleotide and 5% chance of each alternative nucleotide at each position) as the reverse primer. This ratio provided variants with an average of five mutations in the 35-nt PAM and protospacer sequence. Products were digested with EcoRI and NcoI and ligated to pGFPuv, previously cut with EcoRI and PagI. Five libraries were produced from independent PCRs and used to transform chemically-competent E. coli NEB5α. A total of ∼210,000 transformants were isolated after plating on LBA containing Km. For each library, colonies were pooled into LB by scraping the bacteria from the plates and plasmids were extracted.
Individual High-Throughput Priming Assays of Protospacer and PAM
Variants. Libraries of pGFPKm-mPS8 were transformed into E. coli PIM5 by electroporation and plated onto LBA with Km. Single colonies were picked into 200 μL of LB in 2 mL 96-well culture plates (Greiner), in addition to positive and negative controls, and the plates were incubated for 24 h with shaking at 750 rpm at 37°C. Five microliters were subcultured into 195 μL of LB in a further 96-well plate as above and cultures were grown for 24 h. At 24 h and 48 h, samples were plated on LBA. Total colonies were counted, GFP ± colonies were assessed under UV, and spacer acquisition determined by PCR.
High-Throughput Plasmid Loss Assays and Illumina Sequencing. Plasmid DNA was pooled for the five libraries (∼210,000 PS8 and PAM transformants; T0), transformed in triplicate into E. coli PIM5 by electroporation. Positive (PIM5 pGFP-Km-PS8) and negative (pGFP-Km) controls were included to enable tracking of priming and plasmid stability, respectively. Approximately 2 × 10 7 colonies were pooled for each transformation (∼100-fold excess over the estimated library size of 2 × 10 5 ) and resuspended in 10 mL LB. The OD 600 was measured and adjusted to an OD 600 = 4 and 100 μL was used to inoculate 10 mL LB without antibiotics, divided equally over three replicates of 16 wells of a 2-mL 96-well microtiter plate. Plates were incubated at 37°C with shaking at 750 rpm and every 24 h, each replicate of 16 wells was pooled and subcultured 1:40 into 200 μL fresh LB. This process was performed for 48 h. After transformation (T1), 24-h (T2), and 48-h (T3) growth, plasmids were prepared from the pooled 10-mL culture. Positive (pGFP-Km-PS8) and negative (pGFP-Km) controls were also analyzed for plasmid loss as described earlier. Plasmid loss of the total library was monitored by the agar plate method as described for the individual high-throughput assay. Spacer integration during these assays was verified by PCR as described earlier.
These DNA pools from pre-PIM5 transformation (T0, replicate A, B, C), post-PIM5 transformation (T1, replicate A, B, C), 24-h (T2, replicate A, B, C), and 48-h (T3, replicate A, B, C) subculturing were amplified by PCR using Phusion DNA polymerase (Thermo Scientific) and a primer pair selected from BG4325 to BG4356 flanking the protospacer and PAM. Each primer contained a unique 6-nt barcode differing in at least two positions from another barcode, which enabled sorting of the different samples (Table S5 ). The 125-bp PCR amplicons were separated by agarose gel electrophoresis, excised from gel, and purified using the Zymoclean DNA recovery kit (Zymo Research) and eluted in 30 μL H 2 O. The purified fragments were quantitated by Qubit fluorometic quantitation (Invitrogen) and equal quantities were pooled. Purity of the sample was analyzed on a Bioanalyzer using the High Sensitivity DNA Assay Kit (Agilent). PCR amplicons were prepared for Illumina sequencing using the TruSeq SBS Kit (v3), 2 × 100 bp (Paired-End) and sequenced on a Hi-Seq (FC-401-3001; Illumina) at the Imagif, Centre for Molecular Genetics, Centre National de la Recherche Scientifique, France.
Analysis of Plasmid Loss Next-Generation Sequence Data. A total of 82,221,629 read pairs were obtained. Data analysis consisted of the following steps. Because the 100-bp paired-end reads of the 125-bp amplicon fully overlapped in the 35-bp PAM-protospacer region, we first assembled both paired-end reads into a single consensus sequence (CS) with the merger application from the EMBOSS package (8) . Only those CSs where there was complete agreement between both paired reads of the 35 bp PAM-protospacer sequences were taken for further analysis. CSs were categorized based on the barcodes introduced at either end. A total of 49, 198 ,699 sequences were accepted with a full hit of both the 5′ and 3′ barcodes (Table S6) and without insertions or deletions in the CS. Next, the 35-bp fragments were extracted from the 49, 198 ,699 contigs by using the PAM-protospacer flanking sequences. A text file was created specifying the nucleotide sequence of the region of interest of the CS (i.e., the PAM-protospacer) and its counts across all replicates of all time points (12 replicates in total). Because the sequence reaction contained equal amounts of DNA from all samples, the sequence counts were scaled and rounded by using scaling factors based on the sample with the highest number of sequences (i.e., T2B) (Table  S6) . Next, a filtering step was applied to select only PAM-protospacer sequences that had at least 20 reads in any three sequenced samples; this resulted in 134,095 unique PAMprotospacer sequences that were selected for further analysis (Dataset S3).
Computational Analysis of PAM Sequences and Combinatorial Mutants
Leading to Stable or Priming Classes. Significance scores (P values) for the frequencies of the categorizations were computed by comparing the obtained frequencies with the frequencies in a randomly selected subset of a background set. The background set was selected in each case to have the same characteristics (number of mutations) as the set under study. The randomizations were performed 1,000 times to estimate the P values, which are given in Table S7 . 
